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R ecen t a d v an ces  in h igh-speed  supercom puter and com ­
putational algorithm s have brought us into a new e ra  of 
com putational m aterials sc ience . T h e se  ad v an ces  m ake 
it possib le  to investigate m any existing m aterials sy stem s 
that w ere previously considered  intractable and a lso  predict 
and design novel m aterials that did not exist in nature  but 
p o s s e s s  desirab le  and superior properties. C om puter m od­
eling and simulation h a s  not only em erged  a s  an additional 
m ethod for scientific re sea rch  in parallel to experim entation 
and theory, but h a s  a lso  b eco m e a new  and effective m eth ­
od for industrial design 
testing, and devel­
o p m e n t. M ost 
exciting, com puta­
tional re sea rch  and 
developm ent (R&D) 
h a s  b e e n  rapidly 
em erg ing  in m any 
se c to rs  of industry, 
with increased  hiring 
of g rad u a te  stu d en ts  
with co m p u ta tio n a l 
backgrounds.
T he n eed  for co m p u ta ­
tional R&D b e c o m e s  ev en  
m ore prom inent in view of the  
em erg en ce  of nanotechnology.
T he continued miniaturization of e lectron ic  and  op to ­
electronic dev ices is increasing the  need  for nan o sca le  
structural a ssem b lies  to perform th e  function of com puter, 
laser, d a ta  sto rage , sensor, and satellite com m unication. 
However, the  nanostructured  m aterials and dev ices are  
generally  not existing th em se lv es  in nature  and thus have 
to b e  designed  and m ade in laboratories. Also, their p roper­
ties a re  not a priori known. Therefore, the  fabrication and 
characterization of novel nanostructured  m aterials and 
devices a re  both exciting and challenging. To this end, com ­
putational R&D h as  obvious ad v an tag es  over the  conven­
tional experim ental R&D in term s of the  cost effectiveness, 
repetitiveness, and versatility.
For the  m aterials industry, the  cost effectiveness, the 
repetitiveness, and the  versatility of com putational predic­
tion and design of novel m aterials prior to laboratory syn­
thesis  and production have show n g reat com m ercial p o ten ­
tials. “C om putational experim entation” m ay now develop 
products that would otherw ise be  too costly to develop 
in th e  laboratory. Therefore, to m eet the  d em an d s  of the  
broad in terests of m aterials industries, reliable and efficient 
s ta te-of-the-art com putational p ack ag es  that a re  capab le  
of characterizing a w ide spectrum  of m aterial properties of 
technological in terest m ust be  developed. They m ust pro­
d u ce  results that com pare  accurately  with known properties 
in the  rep resen ta tive  existing m aterials sy stem s and hen ce  
be  applied to predict and design yet-to-be-explored novel 
m aterials. Also, such  com putational p ack ag es  them selves 
p o s s e s s  a g rea t m arket value
First-principles com putational m ethods b ased  on d e n ­
sity functional theory (DFT) have  b een  well estab lished  
for predicting m aterials properties. They a re  cap ab le  of 
predicting the  equilibrium structural and
m echan ical p roperties 
a s  well a s  dynam ic 
diffusion energy  b ar­
riers with an  accuracy  
within a few percen t 
o f th e  experim en ta l 
va lu es  and have been  
successfu lly  applied to a 
variety of m aterials sy s ­
tem s of sem iconductors, 
m eta ls , and  ceram ics. 
They have a lso  m ad e  it 
possib le  to predict the  
non-equilibrium m aterials 
properties, su ch  a s  electrical tra n s­
port, from first principles by performing DFT analy­
s is  within th e  fram ew ork of nonequilibrium G reen ’s func­
tion (NEGF) formalism. Such quantum  m echan ics-based  
com putations a re  a lso  becom ing m ore and m ore efficient 
du e  to th e  recen t ad v an ce  in h igh-speed  parallel com put­
e rs  and com putational algorithm s. T he C en ter for High 
Perform ance Com puting (CHPC) at the  University of Utah 
h osts  one  of th e  largest parallel com putational platform s for 
such  com putations.
In 2002, w e estab lished  “T he C en ter for C om putational 
D esign and Testing of Novel N anom ateria ls” (CCDT, 
h ttp ://ccd t.coe.u tah .edu /) a s  part of the  Utah C en ters  of 
E xcellence Program  sp o nso red  by the  G overnor’s Office of 
Econom ic D evelopm ent. T he m ission of CCDT is to develop 
and com m ercialize com putational p ack ag es  for m aterials 
design and testing and license desig n s of novel n anostruc­
tured m aterials and device com ponents. Two first-principles 
com putational en g in es have  been  developed: a “M aterials 
D esigner” (M aD es) for predicting the  structural, m echan i­
0
cal, and  dynam ic properties and  a “Device Sim ulator” 
(D eSim ) for predicting th e  electrical transport properties. 
In addition, a W eb-based  interface h as  b een  developed  for 
visual, interactive, and  on-line com putational applications. 
In 2003, a spin-off com pany, Visual Interactive Scientific 
Com puting, Inc. (VISCO), w as founded to com m ercialize 
and m arket our cen te r’s  technologies.
Recently, F airch ild  S e m ic o n d u c to r  C orp ., th e  world’s 
leading silicon w afer supplier and  the  largest sem icon­
ductor firm in th e  Salt Lake valley, h as  g ran ted  a service 
contract to  our cen ter for com putational characterization of 
oxygen diffusion in heavily a rsen ic  (As) doped  silicon (Si) to 
help optim ize their Si w afer p rocessing  technology. It d em ­
o n stra te s  a unique industrial application for com putational 
m aterials characterization , a s  w e briefly d iscu ss  below.
Heavily doped  C zochralski-grow n silicon w afer is a 
su b stra te  used  m ost frequently in pow er d iscre te  devices. 
A rsenic h as  b een  used  a s  o n e  of the  m ost im portant doping 
sp ec ie s  for so u rce  and  drain in d eep  subm icron com ple­
m entary m etal oxide sem iconductor (CMOS) technology. 
For th e  node sm aller than  90 nm, th e  concentration of 
As in the  ultra shallow  so u rce  and  drain is approaching a 
range of 102°~1021 cm 3. Know ledge abou t th e  interaction 
betw een  interstitial oxygen (Oi) and  As dopan t and  diffusion 
of Oi in such  a heavily A s-doped Si su b s tra te  will help us 
to better understand  this system , so  a s  to optim ize th e  Si 
w afer processing  for current leakage  reduction.
W hen w e com putationally  ch a rac te rized  th e  Oi-As 
interaction and diffusion barrier in th e  heavily A s-doped Si,
w e found tha t the  
direct A s-0  bond 
form ation is pro­
hibitive with a large 
en e rg y  cost, and  
th e  optimal lowest- 
en erg y  configura­
tion is for As and O 
to be  at th e  second  
nearest-neighbor 
positions forming a 
-Si-O-Si-As- com plex, a s  show n in Fig. 1. Oi can  therefore 
be  trapped  by As to form such  a com plex w hen Oi diffuses 
in As vicinity. Also, w e found that Oi can easily  diffuse 
around As with a low barrier from o n e  com plex structure  to 
ano ther (se e  Fig. 1). But it m ust overcom e a larger barrier to 
e s c a p e  from As. Thus, th e  overall Oi mobility is d e c re a sed  
in com parison with tha t in intrinsic Si. Our findings have 
provided key information for Farichild Sem iconductor Corp. 
in explaining th e  retardation of Oi diffusion and  precipitation 
observed  in their heavily As doped  Si w afer sam ples, and 
provided im portant gu idance  for improving their Si w afer 
p rocess. Currently, w e a re  extending such  com putational 
characterization to  o ther types of dopan ts, including p h o s­
phorus (P), boron (B), and  antim ony (Sb).
C om putational R&D can be  applied not only for industri­
al m aterials characterization  (which is w hat w e a re  doing for 
Fairchild S em iconductor Corp.) but a lso  for industrial design
Fig. 1: Computational characterization o f 
binding and diffusion o f interstitial O (red) in 
heavily /ts (blue) doped Si (grey), illustrating 
the formation o f a -Si-O-Si-As- complex
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Fig. 2: (a) Simulated cross-sections o f a 
carbon nanotube under pressure, displaying 
a series o f shape transitions from  circle to 
oval (red) and then to peanut (yellow): (b) 
Schematic illustration o f an in situ continu­
ous IOP monitor, based on the discovery o f 
pressure induced tube shape transition and 
P-V relations
of new  m aterials 
and  devices. For 
exam ple, an  inven­
tion d isclosure on 
“in situ continu­
ous hum an organ 
p re ssu re  monitor” 
h a s  b e e n  filed 
a t U niversity of 
Utah Technology 
C om m ercializa­
tion Office and a 
pa ten t of “carbon 
nano tube elec tro ­
m echanical p re s ­
su re  s e n so r” h as  
b een  filed through 
Hon Hai Precision 
Industry Co., both 
b a s e d  on our 
c e n te r ’s  co m p u ­
tational R&D.
Using M ateri­
als Designer, w e 
h av e  d iscovered  
novel p re s s u re  
induced  s h a p e
transitions and  a universal constan t defining such  transi­
tions for carbon nano tubes, a s  show n in Fig. 2a. S uch  a 
transition is further found to be  universal, not limited to 
carbon n an o tu b es but apply to tu b es  m ad e  of any m aterials 
and  of any size. B ecau se  of the  derivation of a quantitative 
pressure-vo lum e (P-V) relation of such  transitions and its 
applicability to  very sm all size, th e  discovery h as  stim ulated 
so m e  unique desig n s of m inute p re ssu re  dev ices tha t can 
b e  put inside hum an body for m edical applications. This 
h as  led to th e  invention of “in situ continuous hum an organ 
p re ssu re  m onitor”, a s  illustrated in Fig. 2b for an intraocular 
p re ssu re  (IOP) monitor for d iagnosis of G laucom a.
Using th e  Device Simulator, w e discover a lso  th e  p re s ­
su re  induced sh a p e  transition of carbon n an o tubes in turn 
induces an  electrical transition: the  original m etal tube  
b eco m es a sem iconductor beyond a critical transition p re s ­
su re . Such correlated  m echanical and electrical re sp o n se  
of carbon nano tube to  external p re ssu re  provides an  effec­
tive m ethod for designing n an o sca le  e lectrom echanical 
p re ssu re  sen so rs .
T he critical p re s ­
su re  is found to 
d e c r e a s e  w ith 
in- creasing  tube  
radius, which al­
lows sen sin g  of 
d ifferen t p r e s ­
s u re s  by using 
different radii of 
tu b e s . Figure 3
Fig. 3 : Schematics o f a tunable electromechan­
ical pressure sensor consisting o f an array o f 
different sizes o f tubes, sensing a broad range
D
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show s the  principle-of-design of such  a  p re ssu re  sensor. 
Under a  given p ressu re , e ach  tube  transform s into different 
sh a p e s  and  h en ce  exhibits different conductance. By m ea ­
suring the  current under a  given voltage, it will be capab le  
to d e tec t a  wide ran g e  of p re ssu re s . A p a ten t of this p re s ­
su re  s e n so r  h as  been  filed.
To m ake the  com putational R&D a  viable industrial s e c ­
tor, one  m ust m ake the com putational eng ines user-friendly. 
To this end, w e have b een  developing a  w eb laboratory for 
visual interactive on-line com putational applications. An on­
line ‘DEMO” is available a t our c e n te r’s w eb site: http://ccdt. 
coe .u tah .edu /. The virtual laboratory is built by integrat­
ing w eb interface program s with m aterials com putational 
eng ines to provide an  on-line interactive environm ent for 
com putational R&D. The arch itecture  of the  w eb laboratory 
is show n in Fig. 4. It consists  of a  client-side interface pro­
gram , a  w eb server, ________________________________
a  server-side  interface 
program , an  archive 
of com putational e n ­
gines, and a  d a ta b a se  
server.
T he client s id e  \________________________________ \
in terface  w orks a s
a  gatew ay  for u se rs  Schematic illustration o f the
files, subm it jobs, run sim ulations, monitor the  simulation 
p ro cess , view results in 2D and 3D graphics, and  dow n­
load reports. The server-side  interface will perform  accoun t 
m anagem en t, p a ss  client-side m e ssa g e s  to sim ulation 
program s or the  d a ta b a se  server, activate sim ulation pro­
gram s, p ro cess  sim ulation results, p rep are  reports, and 
p a s s  m e ssa g e s  from sim ulation program s or d a ta b a se  
se rv er back to client-side interface. The w eb laboratory can 
be custom ized for individual industrial applications.
In sum m ary, com putational R&D sa v e s  time and  m oneyl 
W e fo re see  tha t com putational R&D will have broad appli­
cations in future industries, especially  th o se  industrial s e c ­
tors derived from em erging nano  and  biotechnologies.
to log in, m a n a g e  
accoun ts, upload input
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